An analysis is made of the periodicity hypothesis of the ages of large craters, based on the compilation by Grieve with the addition of recently identified craters. A method earlier proposed by Broadbent is used to derive a period, and the significance of the derived period is tested by a Monte Carlo experiment. In accordance with the result of Stothers, the ages of large craters ðD . 30 kmÞ are shown to exhibit a period close to 37.5 Myr. Monte Carlo experiments show, however, that the derived period is far from being statistically significant. A subset of crater data earlier adopted by Napier for the purpose of similar investigation is also tested, and it is shown that they also exhibit a similar period at an almost identical level of confidence. A brief discussion is made of the relation between the derived period and that associated with faunal mass extinctions.
I N T R O D U C T I O N
Since Alvarez & Muller (1984) and Rampino & Stothers (1984) claimed to have detected a periodicity in the ages of large craters, a number of authors have investigated whether or not the claim can be substantiated by statistical testing. Their claims were based upon a similar apparent periodicity in the extinction rate of marine fauna detected by Raup & Sepkoski (1984) . Even before the statistical test had shown the claim to be significant, a number of astronomical models were proposed that would give rise to such a periodicity [see, for instance, articles in 'The Galaxy and the Solar System' (Smolukowski & Bahcall 1986) ]. It seems that only the Galactic model of Rampino & Stothers (1984) could give rise to a periodic modulation of the flux of long-period comets if certain conditions are met. Clube & Napier (1984) also had expected periodicities in geological records owing to Galactic perturbations. The basic mechanism is that the distribution of matter in the Galaxy (including giant molecular clouds and possibly dark matter) is such that, as the Sun moves above and below the Galactic mid-plane, the Oort Cloud of comets is perturbed to such an extent that there would be intervals of enhanced flux of long-period comets in the inner Solar system (Matese et al. 1995) . Earlier, Napier & Clube (1979) had pointed out that giant molecular clouds, which are abundant in spiral arms, not only can strongly perturb the Oort Cloud of comets, but may also inject comets into the Solar system through three-body encounters (comets, the giant molecular clouds and the Sun), thus providing epochs of enhanced cometary impacts on the Earth which may recur as the Sun passes through spiral arms. Now, for the proposed mechanism to be the driving force in the claimed periodicity in the rate of faunal extinction, which is close to 26 million years (Rampino & Caldeira 1992; Yabushita 1992; Clube & Napier 1996; Napier 1998) , the crater ages also ought to exhibit such a period. However, analyses so far carried out give a period ranging from 27 to 30 Myr (Rampino & Stothers 1984; Napier 1987; Clube & Napier 1996; Yabushita 1996) . Although a period 27 Myr has been derived for craters with diameters (D) greater than 10 km, it is not statistically significant (Yabushita 1996) . In other words, even if crater ages were randomly distributed, there is a non-trivial probability of detecting a period close to 27 Myr. On the other hand, other values for the period can also be derived, and the derived period depends on what data set one adopts for testing. Thus whether one can regard the period derived from faunal extinction records as consistent with cratering records has remained unsettled. Stothers (1998) has, on the other hand, argued that large craters exhibit a period of 37 Myr. His argument is based on the realization that large craters are created by cometary impacts, while small ones are due to cometary and asteroidal impacts. As Shoemaker, Wolfe & Shoemaker (1990) had earlier pointed out, large craters with diameters greater than 30 to 50 km are predominantly due to comets; the reason being that Earth-crossing asteroids are too small to produce such large craters. Then, if any periodicity is to be detected in the crater ages, one should take into account large craters only. Thus it seems important to investigate whether the result obtained by Stothers (1998) remains unaltered when the periodicity problem is examined by a somewhat different approach under the constraint that only large craters be taken into account. The object of the present paper is to investigate the periodicity problem using a data base and a method somewhat different from those of Stothers. He adopted what he calls a residual index method. One of the data sets to be adopted here is an update of Grieve's (private communication) list of craters, and the other is the one derived from Napier's (1998) similar investigation. It will be shown that a period can indeed be derived, but when a statistical test is made by Monte Carlo experiments, the derived period is not statistically significant.
DATA BASE
Here we present a list of craters to be used in the statistical testing. Shoemaker et al. (1990) pointed out that large craters are predominantly cometary in origin, while smaller ones are due to comets as well as asteroids. For instance, from observational data, Steel (1987) found that of the Earth-crossing objects, short-period and long-period comprise comets 12 and 6 per cent respectively, while the rest are asteroids. Since short-period comets and asteroids are not perturbed by external disturbances such as the Galactic tide or the molecular clouds, it is the ages of large craters that may exhibit a periodicity.
In the list of craters compiled by Grieve (private communication), there are 20 craters with diameters (D) of 30 km or greater. Of these, five have ages greater than 400 Myr. The number of craters with ages greater than 400 Myr is very small, and one may not obtain a significant result from a small data base. For this reason, we restrict ourselves to those craters with ages less than 400 Myr. For Slate Islands crater, only the upper limit is given in Grieve's compilation and so it is excluded from the list.
Then, except for Saint Martin which has a probable error in age of 32 Myr, the rest have a probable error of 30 Myr or less. We base our arguments on the large craters with ages less than 400 Myr and probable age errors of 30 Myr or less. One might argue that the criteria are somewhat arbitrary, but a subset with smaller age errors will also be investigated in relation to Napier's data set. To these should be added two newly found craters: Chesapeake Bay and Morokweng. We then have 15 carters. The ages and diameters of these craters are given in Table 1 . Broadbent (1956) proposed a method to test what he called a quantum hypothesis. Let t 1 , t 2 , t 3 ,. . .,t n be the observation (such as crater ages). There appears to be a period such that t i 7 a þ n i P; i ¼ 1; 2; . . .; n;
M E T H O D O F S TAT I S T I C A L T E S T
where n i are integers and a is a constant (phase). The integer n i is so chosen that t i 2 ða þ n i PÞ j j , P/2:
Let P and a be determined so as to minimize the deviation from an exact periodicity:
where the summation is for i from 1 to n. Broadbent (1956) considered a special case where a is zero, and proposed a criterion for the derived period P to be regarded as statistically significant.
In a case where a may not be zero, it is easier to adopt a Monte Carlo experiment where t 1 , t 2 ; . . .; t n are generated randomly. For each set of values (t 1 , t 2 ; . . .; t n Þ, the value of s is calculated by minimizing the expression
and by other combinations of values (t 1 , t 2 , . . ., t n ), one gets other values of s/P and thus a distribution of s/P can be obtained. By comparing the value of observation s/P given by equation (3.1) with the distribution of s/P, it should be possible to judge how significant the derived period P is. Broadbent proposed that since the period P is derived from data, and not a priori, the hypothesis of periodicity (or quantum hypothesis) should be accepted when the value of s/P calculated from data is realized once in a thousand random trials. This criterion is very severe and may not be satisfied in actual cases. However, if the derived period is significant at the 1 per cent level or so, the periodicity hypothesis should be taken seriously. It will be shown that the ages of large craters do not yield a periodicity that is significant when this criterion is applied.
RESULTS
First, we present the result of finding the minimum value of s/P. This is plotted against conceivable values of a (phase) and period P in Fig. 1 . It is seen that a minimum value is attained at P ¼ 37.5 Myr for values of a ¼ 210^2 Myr. The minimum value obtained is 0.192 and is confirmed as minimum for P between 15 and 40 Myr and a between 2 P/2 and P/2. We note that there is another solution at P ¼ 36:5 and a ¼ 22 Myr. The value of s/P is 0.201, slightly greater than the absolute minimum. On the other hand, the cumulative distribution of s/P calculated by a Monte Carlo experiment is plotted in Fig. 2 . The Monte Carlo experiment consists of 1000 samplings. Here, ages are randomly generated in (0, 400 Myr); for each set of random number t values, s/P is calculated at mesh points of P and a separated by 0.5 Myr. P is varied in (15, 40 Myr) and a in (2P/2, P/2). The minimum value is adopted as s/P and the distribution of s/P has been calculated. It is seen that a value of s/P as small as 0.192 can be obtained in almost 630 cases of 1000 experiments on the supposition that crater ages are uniformly randomly distributed. Now, in an experiment with N samplings from a population with the success probability p, the standard deviation of the distribution of the success cases is ½pð1 2 pÞ/N 1=2 . This is equal to 0.015. In other words, the probability of obtaining a value of s/P as small as 0.192 is 0:6230 :015 on the premise that the crater ages are randomly distributed. This value of the probability is so large that the derived period is far from satisfying the criterion for acceptability of the derived period. *For this crater, only the upper limit in age is given. Since the age itself is less than 30 Myr, however, we adopt the upper limit as the age of the crater.
As mentioned, there is another solution at P ¼ 36:5 and a ¼ 22 Myr. The probability of occurrence of such a value is seen to be even greater at 0:820^0:012. Needless to say, this solution is less significant. It may be worth noting that, for a derived period to be regarded as significant, the minimum value of s/P ought to be 0.15 or somewhat smaller.
Next we examine the possibility that the craters may be lost with time owing to geological processes. The number of craters listed in Table 1 appears to decrease with age. In order to take into account the possible loss of craters with age, we have carried out a similar experiment on the assumption that the crater ages obey an exponential distribution with a decay constant such that the number decreases by 40 per cent in 400 Myr. Estimation of an exact loss rate is difficult, but the adopted value can reproduce the general features of the age distribution. The result of the Monte Carlo experiment based on the exponential loss hypothesis has yielded a result very similar to the hypothesis of a uniform random distribution. It has been found that the value s=P ¼ 0:192 is obtained in 612 cases out of 1000 experiments. In other words, the consideration of the loss of craters with time does not change the statistical result obtained to any significant degree. In either case, the probability of obtaining a value of s/P as small as in the present data set is not much different from that obtained from other data bases of craters and geological records.
Napier (1998) has made a similar investigation to derive periodicities in geological as well as palaeontological records. Even if there were a causal relation between the two, the former would be the cause and not the result of the second, so one should try to be as stringent as possible in dealing with a controversial problem such as periodicity. Keeping this in mind, the data base of the cratering record adopted by Napier (1998) is tested. Napier (1998) based his discussion on 32 craters with well-determined ages, which means age errors less than 10 Myr. Of these, 11 craters have diameters greater than 30 km. This set of craters can also be used for testing the periodicity hypothesis. The values of s/P for various possible combinations of a and P for the data set have been computed for the 11 craters, and the result is plotted in Fig 3, while the result of the Monte Carlo experiment is given in Fig. 4 . One finds that the smallest value of s/P at 0.172 is obtained for a ¼ 24 Myr and P ¼ 36:5 Myr for the data set. From Monte Carlo experiments similar to the one for the data set presented above, it has been found that a value of s/P as small as 0.172 is realized in 597 cases out of 1000 random trials. There is another solution at The deviation s/P from exact periodicity of crater ages is plotted against P (Myr). The ages are given in Table 1 . The total number of craters n ¼ 15. A minimum value of s/P is obtained for P ¼ 37:5 and a ¼ 210^2 Myr. There is, however, a second solution such that P ¼ 36:5 and a ¼ 22 Myr where s/P ¼ 0:201. The second solution, although not an absolute minimum, is closer to astronomical expectations.
P ¼ 34 and a ¼ 4 Myr where s/P ¼ 0:190. The probability of occurrence of the second solution is almost 0.9. Thus the two data sets of the ages of large craters are found to yields similar results. The period derived by the Broadbent method, when tested by Monte Carlo experiments, is such that its probability of occurrence on the null hypothesis of random distribution is so large as to make it hardly significant. Another feature to be noted is that the phase a is not very well determined.
It is interesting to see how robust the derived periods are, and so calculation of s/P have been done for other sets of crater data. One possibility is to take into account craters with D greater than say, 50 km, although the choice is somewhat arbitrary. Among the craters listed in Table 1 , there are 10 such craters. The total sample size may be small, but the following solutions have been obtained: From the point of view of deriving the combination of (a, P) that gives the absolute minimum of s/P, the first solution is the correct one. The probability of occurrence of the first solution is calculated at 0.51, and for other solutions it is even greater. Thus these solutions are hardly significant according to the criterion adopted in the present paper.
On the other hand, it is also possible to carry out similar calculations on the data set provided by Napier (1998) . If one puts a cut-off at 25 km, instead of 30 km, there are 16 craters with D . 25 km. For them, a solution that minimizes s/P is obtained at P ¼ 33:5 and a ¼ 6 Myr. The minimum value of s/P is 0.212. It may therefore be seen that the period to be derived is somewhat sensitive to the critical size of the diameter. A Monte Carlo test shows, however, that the solution is again not significant. It may be noted that if D is as small as 25 km, some craters may be of asteroidal origin, whereas if D is 50 km or greater, they are mostly cometary in origin. Thus, in discussing the periodicity problem, one should lay more emphasis on the result obtained for craters with D . 50 km, rather on that for D . 25 km.
DISCUSSION
An investigation has been made of whether the ages of large craters ðD . 30 kmÞ exhibit a periodicity or otherwise, adopting a data base that consists of the compilation of crater data by Grieve (private communication) and some recently identified large craters. . The cumulative distribution of s/P on the null hypothesis of a random distribution of crater ages ðn ¼ 1Þ. The dot denotes the observation ðs/P ¼ 0:172Þ, for which the probability of occurrence is 0:597^0:015. There is another solution such that s/P ¼ 0:190, for which the probability is almost 0.9. Fig. 1 except that the data set of crater ages is from Napier (1998) . The total number of craters adopted is 11. A minimum value s/P ¼ 0:172 is obtained at P ¼ 36:5 and a ¼ 25^1 Myr.
The method adopted is the one proposed by Broadbent (1956) coupled with a Monte Carlo experiment. It has been shown that the data set listed in Table 1 yields a set of solutions, one given by P ¼ 37:5 and a ¼ 210 Myr, the other by P ¼ 36:5 and a ¼ 2 Myr. The periods are, however, not at higher levels of significance than other periods derived from other sets of craters. For instance, based on a similar experiment, the present author (Yabushita 1996) has derived a period of 27.5 Myr for craters with D . 10 km but the level of significance is 64 per cent, hardly a reliable value. On the other hand, if craters as a whole are taken into account, a period at P ¼ 31 Myr is derived, at a significance level of 2.5 per cent. Such an apparently high level of significance is due to the presence of a large number of young and small craters, and does not appear to represent a true periodicity.
As referred to in the Introduction, Napier (1998) based his discussion of the same subject on a data set of craters with welldetermined ages (the error being less than 10 Myr). He derived a period at 13.4 Myr from power spectrum analyses. It therefore seemed worthwhile to carry out an analysis adopting the method presented here in order to see if mutually consistent results could be obtained. Napier's (1998) investigation was based on 28 craters. First, he removed from the original list of 32 craters (table IV of Napier 1998) three craters with ages less than 10 Myr to reduce the bias of young craters. He also removed craters with ages greater than 250 Myr. To this was added the Morokweng crater (144.7 Myr) so that his data set consisted of 28 craters. From a power spectrum analysis, he derived a periodicity for P ¼ 13:4 and a ¼ 9:7 Myr. Using the same set, our method has yielded a period at P ¼ 13:5 and a ¼ 9 Myr. The period of 13.5 Myr was taken by him as the half-period of the 27-Myr value which he derived in combination with other geological and palaeontological records. Our method has, however, yielded another period at P ¼ 18 and a ¼ 1^2 Myr. fig. 5 in Napier (1998) shows a less conspicuous peak at P ¼ 18 Myr. Thus, if this is taken as a half-period, another period near 36 Myr is indicated.
One may therefore conclude that large craters with diameters D . 30 km appear to yield a period close to 36 Myr, but the significance is far from satisfying a reasonable criterion for statistical testing. Here we have a rather subtle situation. Various data sets appear to suggest a periodicity, but statistical testing does not support their significance.
As mentioned in the Introduction, there are reasons to expect periodicity in the cratering record. The comets in the Oort Cloud are perturbed by the concentration of (luminous as well as dark) matter near the Galactic mid-plane and are deflected into the inner region of the Solar system to become Earth impactors. Furthermore, molecular clouds which perturb the Oort Clouds are distributed not far from the mid-plane. Hence it is reasonable to expect that large impact craters are produced while the Sun is close to the mid-plane. Since it takes a few million years for the perturbed comets to reach the inner planetary region, it may be reasonable to expect the phase (here represented by a) to be close to zero, since the Solar system at present is close to the mid-plane. Now, among the solutions obtained in Section 4, one yields a ¼ 210^2 Myr while the other solution corresponds to a ¼ 22 Myr: It is apparent that the second solution is closer to the expectation. The same also applies to another set of solutions obtained for craters with D . 50 km. We should, however, be careful in regarding the second solution as one that is being searched. Clube & Napier (1996) have derived the period and phase of crater ages. The phase derived is not consistent with the present position of the Sun and they provide possible reasons why the phase may not be close to zero. These include gravitational perturbation to the Solar system arising from possible encounters with the Gould Belt and the Orion Arm. That the derived period does not satisfy a criterion of statistical testing and that the phase is different from what one expects may be due to the presence of disturbances such as the Gould Belt and the non-uniform distribution of giant molecular clouds.
Admitting the unsatisfactory level of significance of the derived period, it may be worthwhile to discuss the source of discrepancy between the period derived here and the period derived from mass extinctions which is 26 Myr (Rampino & Caldeira 1992) , because the periodicity problem started in relation to the claimed periodicity in the latter. One can associate the peaks in the rate of faunal extinctions during the past 250 Myr with craters of known ages (Napier 1998; Yabushita 1998) . However, the extinction peaks at 1.6 and 11.2 Myr have no corresponding craters of sufficient size. There remains the possibility that impacts did not take place on land, or impact structure(s) may yet to be identified. On the other hand, three large craters (Kara -Kul, Montagnais and Tookoonooka) do not correspond to any of the known peaks in the faunal extinction. In other words, a large bolide impact does not necessarily correspond to a mass extinction. This is the likely source of the discrepancy between the two periods.
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